Introduction
A widely used simplification in dynamical models of the diffusively stratified thermosphere is the application of equations for a single gas (the total gas) with height-dependent physical properties such as mean molecular weight and specific heats. A further approximation is that composition remains fixed despite the advection of one species relative to another [e.g., Richmond and Matsushita, 1975 sphere and in the aurora [Theon et al., 1967; Balsley et al., 1984] . The specific heats increase as the relative abundance of lighter species increases, but the change with altitude is less pronounced. For the W-ML profile the fractional change at 200 km in •p relative to its value at 100 km is ---14%, compared with ----27% for f//, while for the C-HL profile the respective values are 18% for •p compared with 33% for M.
In the conventional one-gas approximation, total-gas molecular weight and specific heats are assumed to be locally constant; they are not perturbed by dynamics. However, motion (particularly vertical motion) perturbs composition. Diffusion acts to damp the perturbed composition. The conventional one-gas approximation is equivalent to assuming that diffusion acts so fast that it instantaneously annuls the changes that dynamics attempts to produce. In the other limit (slow diffusion), composition is conserved following the motion but is locally perturbed.
In the following sections we discuss the competing effects of dynamics and diffusion and the implications of fixed composition in one-gas models and present numerical results for different assumptions regarding the rate at which diffusion damps wave disturbances in composition. In the former, diffusion acts so fast that it instantaneously damps the changes winds attempt to produce, whence OM'/ Ot = 0. For steady waves, OM'/Ot = itoM' and M' = 0. In the latter limit, diffusion acts too slowly to damp the wave-caused perturbation, whence DM/Dt = 0 (M is conserved following the motion).
Fuller-Rowell and Rees [1987] have evaluated compositional effects in a one-gas model of the neutral response to auroral forcing. This was done for the total-gas velocity defined as a number density weighting of individual species velocities, rather than the mass density weighting that avoids a collisional term in both the total-gas momentum and mass density equations. In order to avoid the considerable complications arising from these terms, we adopt another approach for evaluating mutual diffusion effects on wave propagation.
We use an approach based on Newtonian damping to evaluate the effects of mutual diffusion in restoring diffusive equilibrium. We assume that the damping is proportional to the departure from static equilibrium M'; thus The effect is greatest at the peak of the profile in the lower thermosphere just below 120 km and at higher altitudes above ---130 km. The fractional change at the peak is ---6%, and at altitudes above ---140 km it is ---18%. For fast diffusion, composition also contributes to an increase relative to/•. The contribution is smaller, about half that due to/f,/at the peak.
The divergence between the fast and slow limits is greatest at the higher altitudes plotted, with the increase over • for the slow limit being ---2 times greater than for the fast limit. The compositional effects on static stability can be significant. The greatest effects should be on waves that have long vertical scales, as these waves are most sensitive to changes in the static stability leading to changes in the vertical wave number [Walterscheid et al., 1999 . A special class of waves in this category are the waves that are ducted or partially ducted in the region of the Brunt-V•iis•il•i maximum in the lower thermosphere [Walterscheid et al., 1999] .
The effects of composition on static stability in the two limits (equations (12) and (13)) may be explained as follows. In the fast-diffusion limit, M' -• 0 and variable mean molecular weight has no effect through (8). This is explained further 
The left side of (14) represents the fractional change in a parcel's enthalpy that occurs when a parcel is displaced vertically subject to fast diffusion. The enthalpy change driven by the term on the right is divided between the two terms on the left. Since 0 log •p/O z > 0, an upward displacement results in an increase in the parcel's enthalpy. This is compensated by increased cooling relative to constant composition, which increases the rate of density decrease and increases the downward restoring force. This explains the increase in the Brunt-V•iis•il•i frequency according to (12). When the slow-diffusion limit applies, but the fast-diffusion limit is implicitly invoked by using fixed composition, the second term on the left side of (14) becomes a spurious heat source, or alternatively a spurious source of buoyancy. In the slow-diffusion limit, specific heat is conserved and the right sides of (9) and (14) are zero. Then the effects of variable M enter through the second term on the right side of (8). This term represents the fact that the density disturbance is increased by having the displaced parcel move to where the environmental air has a greater abundance of light species than the parcel itself. Since 0 log M/Oz < 0, this occurs for an upward displaced parcel. This means that the parcel is heavier relative to the displaced air than it would be were composition constant with altitude; thus the parcel experiences an increased downward restoring force. This explains the increase in the Brunt-V•iis•il•i frequency according to (13). It also explains why the limit of fast diffusion does not include this effect; since then, as in the constant composition case, the parcel and the environment have the same composition.
For fixed displacement the amplitude of p'/b should be greater for conserved composition than for locally fixed composition (see equations (12) and (13)). However, it is clear that for the same initial heating, parcel excursions should be increased by reduced buoyancy (as measured by N 2) since the restoring force on buoyant parcels is less. Physically, the buoyant effect on upward displaced parcels of mixing in lighter constituents is the same as adding heat. Thus we expect the net effect of the rapid mixing implied by fixed composition is to increase parcel displacement and thus wave amplitude.
Augmented Full-Wave Model
We have simulated the composition effects using the fullwave model described by Hickey 
Model Results and Discussion
In this section we present the results of simulations for longand short-period gravity waves. We also present an equivalent gravity wave calculation of a semidiurnal tidal mode [Lindzen, 1970].
Gravity Wave Calculations
Calculations were performed for the C-HL profile for two wave periods: 10 and 60 min. The horizontal wavelength for the 10-min wave is 60 km, giving a horizontal phase speed of 100 m s -•. This wave resembles the faster quasi-monochromatic waves observed in airglow imagers. The wavelengths for the 1-hour waves range from 240 to 720 km, corresponding to phase speeds from 50 to 200 m s -•. Waves with order hour periods are the energy-containing waves of the spectrum. Calculations were done for the five-equation model set, wherein composition is kept locally fixed (the usual one-gas approach), and for the augmented seven-equation set, wherein composition is conserved following the motion. To reiterate, the former is the fast-diffusion limit while the latter is the slow-diffusion limit. (Note that the slow limit can also be implemented by simply taking the specific heats outside of the substantial derivative and adding one equation for the wave-perturbed mean molecular weight. We use a seven-equation set to enable calculations based on (5) and (7).) A separate calculation was done for the W-ML profile that demonstrates that the slow-diffusion limit is a good approximation in the lower thermosphere. Figures 6-9 show the results for the 60-min wave for wavelengths of 180, 360, 540, and 720 km. As the horizontal wavelength hx increases, the waves peak progressively higher because the vertical wavelength increases and thus scaledependent molecular dissipation decreases. For hx = 180 km the peak is located near 120 km altitude, while for hx = 720 km the main peak is near 175 km. The effects of composition change reduce the amplitude of waves relative to amplitudes calculated with fixed composition. The largest differences occur near where wave amplitudes peak. The size of the difference is a function of the sensitivity of the wave to compositioncaused changes in the vertical structure of static stability. The sensitivity to changes in stability is greater for waves with longer vertical wavelengths (especially waves near evanescence). As is usually the case, the waves with faster phase Figure 8 . The main difference is that the absolute divergence does not significantly decrease above the amplitude peak for W-HL conditions (thus the fractional difference continues to increase). The fractional divergence (with respect to the slow limit) at the amplitude peak is 22% for the C-HL conditions and 14% for the W-HL conditions. The maximum fractional divergence for C-HL conditions is 34% and occurs near 220 km. The W-HL divergence at the same altitude is 30%. The maximum divergence for the W-HL atmosphere occurs near 280 km and has a value of 38%; the corresponding C-HL value is 27%. Calculations for Xx = 720 km gave similar results.
Equivalent Gravity Wave Tidal Calculation
We have also performed a tidal calculation using an equivalent gravity wave model [Lindzen, 1970; Richmond, 1975] . In Also shown are results for the same coefficients increased by a factor of 10. As expected, the effects of mutual diffusion are greater for the semidiurnal tide than for the faster waves considered previously. For diffusion rates 10 times nominal, the solution is closer to the fast limit than to the slower limit.
However, for the nominal values the slow limit is clearly the more accurate. The fast and slow limits diverge significantly until -175 km, where the fast limit attains a value -29% larger than the slow limit. 
Summary and Conclusions
We have found that the fast damping of compositional perturbations by mutual diffusion implied by locally fixed properties has a significant effect on the dynamics. Predicted temperatures are significantly larger for locally constant composition than for conserved composition. Realistic values of mutual diffusion coefficients gave results much closer to the results for conserved properties than for fixed properties. We conclude that future models that use the one-gas approximation to model fairly fast waves in fairly cold lower thermospheres should include, at minimum, the simplification of conserved rather than fixed properties. This conclusion may apply as well to tides with long vertical scales. For other waves and other conditions, where wave reflection is not a significant factor affecting the wave vertical structure, the simple device of increasing the rate of molecular diffusion slightly might be sufficient. Finally 
